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Temperature dependence of photoemission from quantum-well states in Ag(100):
Moving surface-vacuum barrier effects
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The temperature dependence of angle-resolved photoemission from quantum-well states in ultrathin films of
Ag on V(100 has been examined for films from 1-8 ML thickness within the temperature range 45—-600 K.
Contrary to bulk solids, the photoemission peaks shift to higher binding energy as the temperature is increased.
The temperature dependence of the peak widths is linear, consistent with the expected behavior for electron-
phonon coupling, but the coupling parameteis found to show a strong oscillatory dependence on film
thickness, with some values many times larger than those found for bulk silver. The observations are explained
in terms of the influence on both the initial and final states in the photoemission process of the static and
dynamic movements of the surface-vacuum interface barrier induced by temperature changes.
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I. INTRODUCTION in metallic surface states and in thin films. In a study of the
Mo(110) surface stateit was shown that all three interaction

The ability to atomically engineer electronic potential terms electron-electron, electron-phonon, and defect scatter-
wells through layer-by-layer growth of thin film is now al- ing, can be deduced from the temperature and binding energy
lowing the exploration of some of the simplest predictions ofdependence of the photoemission peak width. Other studies
quantum theory in a controlled fashion. Angle-resolved pho-of metallic surface states on GRefs. 2—4, Be (Refs. 5-7,
toelectron spectroscopfARPES has been used to charac- Ga (Ref. § focused on the electron-phonon coupling term
terize the binding energies of occupied quantum-W@W)  alone. The results of these studies indicate that the electron-
states formed by the growth of such films on metallic subphonon coupling constant (also known as the mass en-
strates. Momentum-(k-)resolved inverse photoemission hancement factorfor surface states can be significantly dif-
spectroscopyKRIPES has provided complementary infor- ferent from that obtained in the bulk from transport
mation on the unoccupied QW states. These experimenisieasurements. As an example, the value for théO@a)
have done much to characterize the one-electron groundgurface state is 3—4 times that found in bulk measurements.
state properties of QW states. However ARPES, as with anARPES has also been used to study the electron-phonon cou-
spectroscopy, does not truly probe the ground state, and thsgling in QW states in films sufficiently thickl2—19 ML) for
decay of the resulting excitation, the photohole, involvesthe results to be judged characteristic of the bulk metin
many-body effects which are also necessarily probed by thtéhe latter case some differences in values obtained for the
experiments. In the last few years, ARPES has been exoupling constant have been attributed to the momentum-
ploited to characterize these many-body coupling effects inresolved character of an ARPES measurement as opposed to
cluding the electron-phonon interaction which is of particulara directionally averaged transport measurement.
interest because of its role in conventional superconductivity. There have been only a few studies of many body inter-

The many-body interactions of the electronic system ulti-actions in QW states in ultrathin films where variations in the
mately limit the “lifetime” and “coherence length” of the degree of QW state localization may be expected to have a
photohole excitation created in the photoemission processignificant impact on the properties. These include a study of
This introduces a broadening and shift in energy and moelectron-phonon coupling in thin quantum wglisML and 2

mentum of the corresponding spectral function ML of Na on Cu(111)]* and a study of QW states in ultra-
thin films of silver on (100 varying in thickness from 1—-8
Atko) Im3 (K, ) ML and covering the temperature range 30—606?Khe
y @ o<

[w—e—ReS(k,w)]?+[Im3(k,0)]? (1) present paper reports an extension of the latter study. This
particular overlayer system was chosen because the growth
via the “self-energy” term2 (k,w). ARPES is particularly properties and the binding energies of the associated QW
suited for studying many-body interactions in low- states have already been characterized in considerable
dimensional systems because in the case of quasi-twaletail®> 8 The initial objective was to investigate the tem-
dimensional systems, it directly measures the photoholgerature dependence of the spectral widths of the QW peaks
spectral function given by Ed1). There have already been in order to determine how the electron-phonon coupling in
several photoemission studies quantifying many-body effectsuch states depends on the localization of the QW states as
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TABLE I. Summary of the properties of the occupied QW states seen in Ag films @9® up to 8 ML
thickness. The binding energy and number of nodal planes are as discussed in earlier charact&efation
15 and 16. The right-hand columns show results from the present study.

Film thickness Binding energy No. of nodal Thermal shift Electron-phonon
(ML) (eV) at 90 K planes eVK™(x107% coupling\
0 (surface state at Fermi level 0 1.4%0.15
1 1.65+0.01 0 15 0.2%0.05
2 0.58+0.01 1 1.6 1.06:0.03
3 no occupied state

4 1.430.01 2 1.0 0.280.12
5 0.82+0.01 3 1.6 0.520.07
6 0.36:0.01 4 1.8 0.440.07
7 1.44+0.01 4

8 1.02+0.01 5 1.1 0.250.15

the film thickness is varied. However, we observe a surprismorphic silver monolayers serving as a substrate for Ag clus-
ing and strongpscillatory variation in the coupling strength ters. Above 900 K, silver desorbs from thé 0 surface.
with film thickness. In addition, we also note a temperatureAnnealing any silver film thicker than 0.5 ML deposited on
dependence in the binding energy of the QW states, which ian oxygen-contaminated(¥00) surface to 800 K, produces
of opposite sign to that found in photoemission from bulkan ordered and oxygen-free substrate and #flim. this way
systems. In almost all preViOUS studies of this kind, the b|nd'|t is possib'e to produce a well-ordered and C|ea¢100)

ing energies have been found to decrease with increasing;rface covered with a very well-ordered silver film of up to
temperature. It has been suggested that the thermal expag-\._ coverage. Thicker filmgthree or more monolayers
sion of the crystal leads to a lowering of the electron density, e produced by room temperature deposition of silver onto
and thus a reduction of the Fermi enef§yn the present o g monolayer film. While the films of 1 and 2 ML are
measurements, however, we see an increase in the QW bini—able up to 800 KRef. 14 as implied above, thicker films

ing energy with increasing temperature. We find that changegIre stable only up to 350 K

in the binding energy can be understood in terms of the role .
of the thermal expansion of the outermost surface layer, and -ghs V(lIOO) surfat():e Zas an elﬁctrdqnlc ;tru\c/:tuLe charera]\gter-
that the observed variation in electron-phonon coupling caff€C by @ 1arge&s-p band gap extending-c ev above a

be understood as a consequence of the coupling of the QREIOW the Fermi level, along tha, high symmetry direc-
state photohole to the vibrations of this surface barrier.  1ons. In Ag films deposited on this surface, QW states can
form within the range of this gap. The properties of such QW
states have been characterized in earlier ARPES studies,
which have also determined the energy dependence of the
photoemission cross sectiohs8With respect to the discus-
The experiments reported here were carried out at theion in the present paper the energies and numbers of nodal
National Synchrotron Light SourcéBrookhaven National planes associated with the QW states are summarized in
Laboratory using undulator beamline U13UB which pro- Table I.
vides photon energies in the range from 12 to 23 eV. The Figure 1 shows a typical spectral intensity plot from a 5
electron energy analyser was a Scienta SES-200, which sML thick Ag overlayer film recorded at a photon energy of
multaneously collects a large energy and angular window23.8 eV. The QW state emission is seen as a state dispersing
(~12°) of the photoelectrons. This system significantly re-over the angular range af 6°. The dispersion curves of the
duces the time required for data acquisition and ensures th@W states obtained in the present study, together with their
a wide range of states kspace are recorded under identical effective masses are shown in Fig. 2. They differ from the
conditions. The combined instrumental energy resolution camalues reported for the 1 and 2 ML films in an earlier stily.
be set to a value in the range 6—-25 meYV, insignificant comThe effective masses for 1 and 2 ML QW'’s published in Ref.
pared to the measured QW state widths. The angular resold5 were reported to be 2.2 and ¥, respectively, both
tion was~0.2°. The base pressure in the experimental chamvalues larger than those reported in the present article. The
ber was 4< 10" ° Pa. reason for the difference is that the dispersion of almost all
A detailed description of Ag/\100) overlayer growth the QW states tends to level off approximately half-way be-
system has been given elsewh&e?® These studies have tween the center and edge of the Brillouin zone, thus increas-
shown that at room temperature silver grows pseudomorphing the effective mass on moving away from the gamma
cally in an ordered layer-by-layer mode when deposited ontgoint (see Fig. 9 of Ref. 16 The use of only a small number
a V(100 substrate. This growth mode is preserved for atof experimental points can therefore lead to an erroneous
least ten atomic layers. Above room temperature, theestimate of the effective mass, as we believe was the case in
Stranski-Krastanov growth mode prevails, with two pseudothe measurements in Ref. 15. In addition, both the energy

II. EXPERIMENTAL DETAILS, RESULTS,
AND PRELIMINARY ANALYSIS
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FIG. 1. Experimental photoemission intensity
gray-scale maps as a function of photoelectron
energy and polar emission angle collected di-
rectly from the two-dimensional detector of the
Scienta concentric hemispherical electron energy
analyzer from Y100 with 5 ML Ag film. The
arced intensity peak corresponds to emission
from the overlayer QW state at incident photon
energies of 23.8 eV in a polar emission angular
range of=6°.

and angular resolution used in the present measurements aerorded at different temperatures. With increasing tempera-

an order of magnitude better than those used in Ref. 15.

ture the peak broadens, reduces in intensity and shifts to

Figure 3a) shows a typical set of normal emission spectrahigher binding energies. Figuré$ shows plots of the en-

from a silvers-p derived quantum well stat@ia 2 ML film

Binding energy (eV)

FIG. 2. Dispersion of the QW states studied in this investigation.
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ergy position and peak widths as a function of temperature.
Full data sets were recorded from all of the QW states listed
in Table | at temperatures within the range 30—600 K. These
measurements covered the full temperature range for the 1
and 2 ML films. For thicker films the maximum temperature
used was 400 K because above this temperature the Stranski-
Krastanov restructuring of the overlayers is fasind the
morphology changes to three-dimensio(&) clusters on a

2 ML film. The temperature dependences of the peak ener-
gies are summarized in Table I.

We now turn to the QW peak shapes. It has been shown
that the lineshape of the peaks from the QW state is com-
pletely determined by the photohole self-energyk,w)
(Ref. 21 and that the experimental spectra are accurately
fitted with the “Fermi liquid” line shape 2 InX(w)=I}
+2Bw?.?! This quasiparticle description is strictly only valid
at zero temperature and at energies very close to the Fermi
level 22 but its usefulness has been found to extend to higher
temperatures and a wider range of enerdieBhe energy-
independent term]I'y, represents the sum of impurity
(and/or defedtscattering and phonon scattering terfttse
phonon contribution at fixed temperature gives a constant
term). The quadratic term is the electron-electron contribu-
tion. By fitting to this line shape we can therefore separate
out the electron-electron interaction contribution, as de-
scribed more fully in Ref. 12. Briefly, we find almost the
same electron-electron coupling parameger0.04 eV * for
the QW states of 1 and 2 ML films. With these valuesBof
the constant ternt’y is found to be 150 meV for the QW
state in the 1 ML film and 80—100 meV for the 2 ML film, in
both cases at 60 K. Our calculations for 2 ML QW state give

These are extracted from the data collected by the two-dimension@n €lectron-phonon coupling term 640 meV for the tem-

detector, examples of which are shown in Fig. 1. Nearly free-perature and binding energy. This leaves 40-60 meV for
electron parabola fits to the experimental points give the electroscattering on defects and for a contribution from the finite
effective masses shown for each state.

transmission into the substrate. We believe that in the present
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FIG. 3. (a) Normal emission photoemission spectra from the QW state corresponding to 2 ML of Ag1®0) \fecorded at several
different substrate temperatures. These data are extracted from a series of two-dimensional detector output maps similar to that shown in Fig.
1; (b) plots of the peak energy and peak broadening as a function of temperature deduced from a more extensive set of similar spectra.

case, the interaction of electrons with defects plays the domieorresponding value of for the 2 ML Ag film is more than
nant role. four times larger than that for the 1 ML QW stafe; y

The electron-phonon contribution can be deduced from~0.23,\, y.~1.0) and 3—4 times larger than the recently
the temperature dependence of the ARPES peak widthseported value measured for a 19 ML Ag film, grown on
Typical data are shown in Fig. 3, but Fig. 4 shows the resulFe(100).° The latter was believed to be a value characteristic
of another experiment conducted a 5 ML Ag film depos-  of bulk Ag. Apart from the prominent maximum in at 2
ited at 100 K without annealing. As the temperature is subML, the Ag/V(100) system shows an additional maximum of
sequently increased through the range 250—-300 K, it is cleahe coupling constant around 5 ML.
that some ordering of the film occurs. Note, however, that the We have also obtained new high-resolution data from the
gradient of the peak width with increasing temperature is thelean (100 surface, which provide clear confirmation of
same before and after this restructuring. In all cases, for alhe existence of the previously proposed intrinsic surface
film thicknesses, the temperature dependence is approxétate’® The value of\ for this surface state 1.45 is also
mately linear at high temperatures with a gradient given byshown in Fig. 5. It is derived from the mass enhancement of
2m\kg where\ is the electron-phonon coupling constant. the surface state near the Fermi level in the same manner as
Substantial differences in the coupling constant are found foin the earlier surface state studies of (00 (Ref. 1) and
the QW states in films of different thickness. These are sumBe(0001).>’ This value represents one of the largest coupling
marized in Table | and plotted in Fig. 5 as a function of theconstants measured in ARPES thus far and is significantly
Ag film thicknessd. The most prominent feature of théd) larger than the bulk value for V of 08.However, this large
plot is the change in the coupling strength when the thick-electron-phonon coupling constant for the vanadium sub-
ness of the silver film is increased from 1 to 2 ML; the strate cannot explain the maximum in the coupling constants
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for the thin film QW states at 2 ML. If the large, y value ~ The states are the bound-state solutions of Stihger’s
were solely due to the interaction of the silver overlayer withequation for the one-dimensional well, defined by a substrate
the underlying vanadium substrate, the coupling in the 1 MLband gap on one side and the solid vacuum interface on the
film would be even stronger. other.

Finally note that we see a very strong oscillatory depen-  within this description, it is clear that the width of the
dence of the electron-phonon coupling on the film thicknessye| is reflected directly in the energy of the QW bound
The earlier measurements from 1 and 2 ML QW states in thgtates, there must be a matching of the electron wavelength
Na/Cu111) systent' showed a small difference for the two 4 the well-width. The width corresponds to an integral num-

layers, both with stronger coupling than the correspondingyer of half-wavelengths of the QW state wave function

bulk value. modified by the presence of evanescent tails extending into
the substrate and the vacuum. Consider, now, the influence of
thermal expansion on this system. Heating will lead to an
increase in the film thickness and thus a widening of the
A. Initial state effects potential well. The associated increase in the QW state wave-

QW states of the type discussed here are simply describeI8ngth results in a lower energy relative to the bottom of the

by the multiole reflection or “phase accumulation” mod8l well. If the Fermi energy remains fixed, the net effect is to
y P P " increase the binding energy of the QW state relative to the

Fermi level, as observed in the present experiments. Of
course, the complete picture will reflect not only the changes
1'5'%/ V{100) in the film, but also the temperature induced changes in the
substrate Fermi energy. The relative importance of these two
contributions can be deduced from the thermal expansion
coefficients of the two materials: X710 K~ for Ag and
8x10 6K for V, respectively¥’ The relative difference
clearly favors the dominance of the increasing Ag film thick-
ness over the expanding substrate. The value for Ag is not
strictly the one relevant to the present situation, because the
Ag film is pseudomorphic centred tetragonal. The large dif-
ference in linear expansion coefficients is consistent with the
fact that the cohesive energy of bulk V is almost twice as
large as that of bulk Ag® Indeed, if we note that for a
T pseudomorphic Ag film on .00 the thermal expansion of
the film parallel to the surface is constrained to the low value
dictated by bulk V, we can anticipate that the expansion co-
FIG. 5. The electron phonon coupling constéxt values ob- efficient in the Ag film. perpendicular to the surface will be
tained from Fig. 3 shown as a function of silver film thickness even ,Iarger than, that in bUIk, AQ- .
(solid circle3. Calculated values of assuming an effective mass 1 hiS explanation of the binding energy shift is also con-
m* =1 for all QWS are shown as open squares: calculated valuesistent with the quantitative behavior for the QW states in
including experimentally determined values of the effective masdlims of different thickness. As the film thickness increases
for each QW statéFig. 2), are shown as open triangles. The ex- the number of nodal planes in the QW state wave function
perimental value of for the surface state on(¥00) is shown at  also increasegsee Table ). Thus, the wavelength of the
zero film thickness whilés for bulk silver is indicated by the gray different quantum well states is very similar and the increase
line parallel to the abscissa. in wavelength induced by the thermal expansion of the film

Ill. TEMPERATURE-DEPENDENT MOVEMENTS
OF THE SURFACE-VACUUM BARRIER
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thickness must also be approximately constant. The excegmorrelation is seen in Table I, which includes both the ther-
tion to this simple generalization is the behavior of the 1 MLmal shift coefficients and the QW state binding energies.

Ag film. In this case it is clear that the bulk Ag thermal  All previous studies of the temperature dependence of
expansion behavior cannot be an accurate guide to the ekulk valence-state binding energiésg., Refs. 19, 31-33
pected temperature dependence of the film thickness. Indeeglave shown a decrease in binding energy with increasing
the V-Ag bonding at the interface is stronger than the Agtemperature as noted above, and indeed the same behavior
bulk cohesive energyas implied by the high-temperature has heen observed for Shockley surface states on surfaces of
stability of this layet>™). As such we might anticipate @ 2 Ag34Au3 and Ga In contrast, an increase in binding
lower thermal expansion of this bond than the equivalent in @nergy with increasing temperature has been observed for

bulk alloy. Srl;the ot?er hantﬂ’ thetasymr??try of ]Ehe for?esij-like Tamm surface states on (00 and CyAu(100).%°
experienced by an atom in the outermost fayer ol a sur a(.:ﬁowever, no simple quantitative description of Tamm states,
can be expected to lead to an enhanced thermal expansign . . . :
e o . Such as the phase model exists and so direct comparison is
coefficient(e.g., the enhanced vibrational amplitudes perpenhot ossible. Indeed, the authors of Ref. 35 note that the shift
dicular to the surfacdd), as was recognized many years P . ' e : .
ago® most probably reflects the variation of the surface potential
It is rather straightforward to quantify these arguments. Invithin the out_err_nost Iaye_r” and_that “quantitative est|ma_tes
the case of a simple free-electron metal the Fermi enErgy bas?d on realistic t_hree-dlmensmnal r_nodels are not available
is proportional to the reciprocal of the square of the latticeY®l:" The observation that the occupied bulk states tend to

parameter. It is therefore easy to show that the temperatuf@0Ve to lower binding energy as the temperature increases
dependence of the Fermi energy due to thermal expansion §t9gests that the present observation of a temperature depen-
the crystal is given by dent increase in the binding energy of the QW states is not

due to a change in the substrate band gap. Indeed a simple
application of the phase model confirms that a temperature

dEr/dT=—2E;ap, 2) induced reduction in the latter gap results in the QW states
moving in the opposite direction to that observed.

In view of the success of the simple model in describing
where ag is the coefficient of linear expansion of the solid. the temperature-dependent binding energies of the QW
Applying this model to the vanadium substrate, with a valuestates, we have considered an extension to account for the
for Er of 5.2 eV, we obtain a temperature dependence of thebserved temperature dependence of the ARPES peak
Fermi energy of—8.3x10 °eVK™L The fact that vana- widths. However, while the thermal expansion at the surface
dium is a transition metal rather than a free-electron metalinfluences the well width in the same way across the whole
will have the effect of reducing the temperature dependenceyrface, the surface phonons produce local variations in the
of the Fermi energy by a factor determined by the effectivaye|| width which will only influence the apparent well width
masses of the bands which cross the Fermi level. If the ovets ihe phonon wavelength is large compared with the coher-

layer film thicknes; has a coefficier_lt of thermal expansion o, length of the QW states parallel to the surface. Such
ar, @ QW state with an energyelative to the bottom of the (4165 make up only a small component of the full spectrum
well) of Eqy will have a temperature dependence of of surface phonons. The resulting effect on the QW state
broadening is therefore negligible and we discuss this broad-
ening only in terms of final-state electrofphotohole-
dEqu/dT=—2Equa; 3 phonon coupling. In the following we present a theoretical
analysis that is a significantly improved approach to that
given in Ref. 12. The nature of the improvement is discussed

and takingEq as 4 eV(i.e., a binding energy relative to the later in the text.

Fermi level of 1.2 eY and equating the expansion coefficient
of the film thickness to the linear coefficient of bulk silver
yields a result of—13.6x 10 °eV K™% This would predict

an increase of the QW state binding energy relative to the
Fermi level of 0.5%10 *eV K™, about a factor of 2—3 We find strong variation in electron-phonon coupling as a
smaller than the experimentally measured values. Howevefunction of film thickness, and some of these coupling con-
the presence of thé-band crossing of the Fermi level in the stants are very large relative to the value for bulk [823
vanadium substrate will increase this value. Further, the tefRef. 9]. Within these films we expect that the largest vibra-
tragonal distortion in the silver overlayers will result in an tional amplitudes will be associated with the soft modes of
increase to 2810 “eV K™Y, slightly larger than the ex- the outermost surface layer, and as there is a large potential
perimental values. Note that the trends in the experimentatep at this surface-vacuum interface, it seems likely that the
energy shifts for the different film thickness are consistenicoupling of the photohole to this surface vibrational mode
with this model. Specifically, the shifts should be smallest forshould be particularly strong.

the QW states with the lowest energy relative to the bottom We assume that as the surface atoms move, they locally
of the well(i.e., the largest binding energies relativeBp), deform the potential well seen by the electrons in the film. It
and largest for the smallest binding energy QW states. Thigs convenient to assume that the total effective poteitial

B. Final state effects
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can be written as a pairwise sum of the interactions betweewhere Q; ; is the wave vector of the phonon emittéor
the electron and and a particular crystal sitepositioned absorbeglgiven as

atrj: \/W
_ Xy
wn=;zm—ny (@) Qui=—73

[Ei(K=0)—E{(K=0)*fwy], (11

The change of the effective potential introduced by the time{vtlj?r?r\f:lil(sKt;gg :tn?hEef(li) ;OO% ?);et:hr;? zzs;%;}egs\];;hg;nu dan—

?eenpzr;dent oscillation of the atoms in the sample can be ertr'espectiverAC is the area of the surface Wigner-Seitz cell,

M is the mass of surface atom, amdwg) is the Bose-

Einstein distribution function.
AV(r)= _2,-: Vu(r=rj-u;, (5 Equation(10) was derived assuming that the surface at-

oms vibrate in thez direction with only one characteristic
whereu; represents the deviation of the atom at crystaljsite frequencyw,. The effect of longitudinal surface phonons on
from its equilibrium position. By expanding the atomic dis- the hole lifetime was investigated numerically and found to
placements as a superposition of normal modes characterizeg much smaller than the corresponding effect from the
by the mode numbes and parallel wave vecto, we can  zpolarized surface phonons. The coupling of electrons to the
evaluate the state-to-state transition amplitude per unit timeibrations of the atoms located in the Crysta| p|anes below
wg; which is defined in the first order perturbation treatmentthe surface plane was neglected. The dispersions of the QW
(one phonon created or destroyed in the final state of thetates were taken to be isotropic and parabolic parallel to the

system by the Fermi golden rule as surface plane with a mean effective electron masg,
2 which depends on the particular QW sthte question. “Re-
wfi=7|Mﬂ|26[Ef—Eisﬁw(Q,s)]. (6) coil” of the electron in the process of phonon emission or

absorption was neglected. It was assumed that the change of
Here, M;; is the matrix element of the perturbation definedthe potential is uniformly distributed over the particular
by Eg. (3) calculated with the wave functions of the whole Wigner-Seitz cell. This assumption leads¥dactors of the
system (electronsphonons. E; and E; are the final and form

initial energies of the electronic system. For the matrix ele-
; J1(Xws)
ment,My;, we can write Y(Q)=2A, , (12
XWS
Mi=>, f d3r W (N Vu(r—r)Wwi(r) wherexys=QRys, andRys is the effective radius of the
! Wigner-Seitz cell.J; is the first-order Bessel function. If we
X(ni(Q,s) = 1|uj|ni(Q,s)), (7)  represent the one-electron effective potential profile in the

) o ) direction perpendicular to the surface with the asymmetric
whereWV; and¥; are the final and initial wave functions of square well, the transition matrix elemeht acquires a par-
the electronic system anjoh;(Q,s)) is the wave function ticularly simple form

pertaining to phonons in the crystal initial state. For the elec- )
tronic wave functions we take | Tril?= Vgl ¢¢(z=0)|?| $i(z=0)|?. (13

P(r)~e K Rg(z), (8)  Here, Vg is the height of the surface relatéfilm/vacuum
interface potential step located at=0.

The significance of these equations is that if an electronic
state of interest is localized near the surface, and thus has a
significant wave-function amplitude in the region of rapid
change in potential at the surface-vacuum interface, and fur-
ther if there are also final states, similarly localized, to which
energy- and momentum-conserving transitions are possible,
then one can expect the influence of the surface layer vibra-

1 tion to be strong. This argument, of course, should also be
P Z Wi 9) relevant to intrinsic surface states of clean surfaces and may
account for the widely observed electron-phonon coupling
and we can calculate the effective phonon-induced width oénhancement for such states. It should be noted thatlBy.
the initial state asAE=#/7. The final formula for the is equivalent to Eq(5) from the paper by Hellsingt al=®
phonon-induced lifetime of the photohole created in the QWAIthough the final expressions are the same, the present ap-

whereK is the wave vector of the electron parallel to the
surface plane and=(R,z) whereR is the projection of
vectorr onto the surface plane armis the component per-
pendicular to the surface plang(z) is the solution to the
one-dimensional Schdinger equation in the effective poten-
tial profile in thez direction. The single particle lifetimeis
generally given by

bandi is proach is simpler in the parametrization of the interaction
1 A Y2(Q;.) matrix elements and does not rely on the results produced by
Z= _02[2 [m;y|Tfi|2[2n(w0)+1]—f"] the density functional calculations. It also reproducesGhe
T MAT|5 @o dependence of the matrix elements, accounting for the finite

+ml | Tl 2[n(wo) +1]

Y2(0, . size of surface atoms, in a very simple and straightforward
(Qii) . e h

— | (100  fashion, which is a consequence of the assumption of the
0

085411-7



M. KRALJ et al. PHYSICAL REVIEW B 64 085411

pairwise additivity of the electron-site potentidl§q. (4)]. similar to that of\ in our experiments and in the simple
The Q dependence of matrix elements was not included irtheory. The origin of thism, , variation is unclear. Large
the results presented in Ref. 12 and that is the reason faralues ofm, , are typically associated with more localized
differences between those results and the ones presentsthtes, and in the pds3t® we have argued that the larger
here. In order to evaluate E(LO) we have assumed that the values seen in the thinnest films must be related to hybrid-
characteristic frequency, is independent of film thickness ization of the QW states with the substratebands. This
in the range that we have explored experimentally. In thevould be favored for QW states of the highest energies close
calculations we have takehwy=8.0meV [the Rayleigh to the Fermi level, and for the thinnest films, and indeed this
wave phonon frequencies of All) and Ag100 at the correlation is evident in the data of Fig. 2. Indeed, this cor-
edge of the surface Brillouin zone afievy~8.0 meV(Refs.  relation is essentially the same as that favoring an important
37 and 38]. The asymmetric square well potential profile hasrole for the surface phonons in influencing the electron-
a step at the film/substrate interface, which is 7.6 eV highphonon coupling. Further work, both experimental and theo-
and another step at the film/vacuum interfa@g)(which has  retical, is clearly warranted to investigate these effects in
a height of 9.7 eV. The Fermi level is positioned at 5.6 eVm, , more generally, but our results still clearly indicate the
above the bottom of the quantum well. We have assumed thanportance of the surface phonon coupling for the oscillatory
each monolayer of Ag contributes 1.96 A to the well behavior of\ values seen in our work.
width.23~1® This potential profile reproduces both the mea-
sgred binding energies o_f quantu.m well states and the mag- IV. CONCLUSIONS
nitude of thes-p propagation gap into §.00).
Figure 5 shows values of the electron-phonon coupling Experiments on the influence of temperature on the prop-
constant derived from the slope of the calculated wid#iig) erties of QW states in 1-8 ML ultrathin films of Ag on
in the high temperature range. The open squares correspo{100) show a linear dependence in both the ARPES peak
to values ofi calculated assuming that the effective mass ofenergies and peak widths. The QW state binding energies,
all the QW states around the center of the Brillouin zone isare found to increasérelative to the Fermi levelas the
equal to 1. temperature increases, an effect opposite to that previously
These theoretical results reproduce the experimentally obseen in studies of bulk bands. This can be understood as the
served oscillation of the coupling constant, even if free-result of two competing effects. Thermal expansion of the V
electron-like dispersion of all the QW states is assumed. Iisubstrate causes the Fermi energy to fall as the temperature
this case changes in the coupling appear to arise mainly fromses. However, thermal expansion of the overlayer film
the different localization of the states, and specifically, thethickness shifts the QW state energies lower. Because the
amplitude of the associated wave functions at the surfacexpansion coefficient of the Ag film is expected to be sub-
barrier. These amplitudes are influenced by the QW statstantially larger than that of the V substrate, the latter effect
binding energy, the more shallow states extending furthedominates and the QW state binding energies relative to the
into the vacuum, and by the degree of localization as deterf-ermi level increase with increasing temperature.
mined by the film thickness, thicker films having more ex- The peak width changes are explained in terms of
tended states whickwhen normalizef have lower ampli- electron-phonon coupling, but the strength of this coupling is
tudes at the surface. There is also some influence on theund to show a strong and oscillatory dependence on film
coupling in this simple model associated with differences inthickness. Simple calculations based on coupling of the pho-
the available phase space for the photo hole decay. In patehole to the vibrational mode of the surface layer and the
ticular, only a single QW state exists in the 1 ML Ag film so associated surface-vacuum potential perpendicular to the sur-
only intraband transitions are possible. For the thicker filmdace reproduce this behavior. The variations in electron-
both inter and intraband transitions can occur. However, calphonon coupling are attributable to changes in the amplitude
culations allowing only intraband transitions in all films pro- of the QW state wave function at the surface-vacuum inter-
duce results similar to those shown in Fig. 5, indicating thaface which depends on the state of localization influenced by
this phase space consideration is secondary. the QW state binding energy and the spatial extent of the
Notice, however, that the above equations contain a deguantum well.
pendence on the mean effective electron nrags of each
QW state, and this parameter can be extracted from our ex- ACKNOWLEDGMENTS
perimental determination of the dispersion of the QW state
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